Introduction
The main olfactory epithelium (MOE) has evolved highly specialized sensory neurons for odorant detection. These neurons are replaced constantly and regenerate after acute injury (Graziadei and Graziadei, 1979; Verhaagen et al., 1990; Schwob et al., 1994; Schwob, 2002) . The remarkable properties of these cells make the MOE an excellent system to investigate intrinsic and extrinsic contributions to neuronal development.
Olfactory sensory neuron (OSN) stem cells sequentially express several neuronal markers and subsequently developed into mature neurons. Expression of odorant transduction components and additional proteins characteristic of OSNs are hallmarks of terminal differentiation. The contribution of specific transcription factors to the mature phenotype has not been established.
The Olf/EBF (O/E) family of repeat helix-loop-helix transcriptional factors activates expression of genes associated with neuronal maturation and B-cell differentiation (Hagman et al., 1993; Wang and Reed, 1993; Wang et al., 1997) . This family comprises four structurally similar O/E proteins with overlapping MOE expression (Wang et al., 1997 ) that form homodimers and heterodimers and recognize consensus DNA regulatory sites adjacent to genes selectively expressed in mature OSNs (Wang and Reed, 1993 ). In contrast to B-cell development, the extensive genetic redundancy of O/E proteins in the MOE may account for the modest developmental defects in individual gene knock-outs (Wang et al., 1997) . Discrepancies between the timing of O/E protein expression and induction of putative O/E-regulated transcription suggested that complex regulation of the O/E factor activity underlies the contribution of these factors in the terminal phenotype.
The Zfp423/OAZ protein, containing 30 Krüppel-like C2H2 zinc fingers (Tsai and Reed, 1997a) , encodes multiple functions including the modulation of O/E activity. Olf/EBF-associated zinc finger (OAZ) disrupts O/E dimer formation via zinc finger (ZF) 28 -30, and thereby suppresses O/E target gene activation in cell culture Reed, 1997a, 1998) . Expression of OAZ in immature cells is consistent with a role in suppressing OSN maturation. Additionally, OAZ functions in BMP signaling pathways as a smad4 coactivator. This activity, mediated by ZF 9 -19, is essential for BMPmediated expression during Xenopus neurogenesis (Hata et al., 2000) . Mammalian BMP signaling is implicated in embryonic OSN neurogenesis where it may suppress OSNs differentiation. These dual OAZ activities potentially coordinate intrinsic transcriptional cascades and extrinsic signaling pathways into a common modulation cassette controlling OSN differentiation and maturation.
Persistent expression of OAZ in the OSN lineage leads to developmental arrest and defects in olfactory receptor (OR) selection (Cheng and Reed, 2007) . These phenotypes could arise from either suppressing O/E-mediated gene expression or inhibiting BMPmediated neurogenesis. Here, we demonstrate that this OAZassociated phenotype arises from suppressing O/E function. In contrast with the phenotype associated with persistent wild-type (wt) OAZ protein, sustained expression of OAZ protein selectively lacking O/E interaction (OAZ⌬C) exhibits largely normal gene ex-pression. In addition, we provide evidence that interfering with BMP signaling at an adult stage has only a modest impact on neurogenesis and the appearance of the MOE. Genetic manipulation of OAZ expression and its interaction domains provides evidence that highlights the role of O/E factors in OSN neurogenesis.
Materials and Methods

Mouse lines. The O/E3
OAZ⌬C knock-in targeting construct was generated through mutagenesis introducing a "T" insertion at 3877 in OAZ cDNA by QuikChange Site-Directed Mutagenesis (Stratagene). The OAZ⌬C minigene is followed by IRES-3NLS-YFP-pA and LoxP-TK(⌬)-NeoLoxP cassettes. This modified minigene was introduced into O/E3 knock-out targeting vector ) at a position 261 bp before O/E3 translation start site. O/E3
OAZ and O/E3 OAZ⌬C mice were created in a mixed 129 and C57BL10/J background and have been maintained in this mixed hybrid background for at least 10 generations. Additional reporter lines (OMP-Tau-lacZ, M72-Tau-lacZ, P2-Tau-lacZ, and OMPCre mice) were obtained from Dr. P. Mombaerts (Max Plank Institute for Biophysics, Frankfurt, Germany). Cyp2g1-rTTA mice were provided by Dr. A. Lane (Johns Hopkins University Baltimore, MD). Tet O-Follistatin mice were generated by pronuclear injection of an expression construct consisting of the Follistatin (FST) expression cassette (Lee, 2007) between the expression of tetracycline response element (TRE)-promoter and upstream of polyadenylation signals derived from SV40 (simian virus 40). This entire cassette was immediately cloned downstream of six tandem copies of a synthetic transcriptional termination cassette to prevent undesired expression from potential promoters. For FST induction, all mice were fed with grainbased doxycycline mouse diet (2 g/kg; Bio-Serv) for 1 month after weaning. Mice used in experiments were from either sex.
In situ hybridization, immunohistochemistry, and X-gal staining. Olfactory tissue dissected from mice of the same gender (1 month of age) was prepared for in situ hybridization (ISH) and immunohistochemistry (Lewcock and Reed, 2004) . In situ hybridization was performed using paraformaldehyde (PFA)-fixed sections with the following probes: OAZ (nucleotides 263-1614 of NM_033327), O/E3 (O/E3 3Ј-UTR), growthassociated protein 43 (GAP43) (nucleotides 147-806 of NM_030553), Follistatin (nucleotides 1-1034 of NM_013409), olfactory marker protein (OMP) (partial cDNA of NM_011010), BMP2 (nucleotides 521-1177 of NM_007553), BMP4 (nucleotides 438 -1223 of NM_007554), and BMP6 (nucleotides 638 -1095 of NM_007556). Images were captured with a Zeiss Axioplan microscope.
Immunohistochemistry was performed on PFA-or Bouin's solution (Sigma-Aldrich)-fixed sections. The primary antibodies were rabbit anti-GFP (1:1000; Invitrogen), rabbit anti-adenylyl cyclase 3 (ACIII) (1:1000; Santa Cruz Biotechnology), goat anti-OMP (1:1000; gift from Dr. F. Margolis, University of Maryland, Baltimore, MD), mouse anti-GAP43 (1:500; Millipore), rabbit anti-hFollistatin (1:1000; NIDDK National Hormone and Peptide Program), mouse anti-␤-actin (1:2000; Abcam), rat anti-BrdU (1:100; Abcam). OMP, GAP43, and Follistatin staining used antigen retrieval in citrate buffer. Sections were Bouin's fixed for OMP staining. Alexa 488 or Alexa 546-conjugated IgG or Fab secondary antibodies (1:1000; Invitrogen) were used to visualize staining. Images were captured with LSM510 confocal microscope.
X-gal staining of whole-mount preparations and cryosections were performed on mouse (3 weeks of age; same gender) olfactory tissue (Mombaerts et al., 1996) , and images were captured with a Leica MZ FLIII stereomicroscope or Zeiss Axioplan microscope.
Chromatin immunoprecipitation, RNA isolation, and real-time PCR. All the mice (2 months of age; same gender) were killed by CO 2 . For chromatin immunoprecipitation (ChIP) assays, the MOE from 1-month-old mice were dissected in 1ϫ PBS and minced before cross-linking with 20 mM DSG (disuccinimidyl glutarate) (Thermo Fisher Scientific) for 45 min at room temperature followed by 1% formaldehyde (SigmaAldrich) for 15 min in 37°C. The tissue was lysed and sonicated in 1 ml of ChIP buffer (50 mM HEPES/NaOH, pH 7.5, 140 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM EDTA, and a proteinase inhibitor mixture). The resulting lysates were divided and mixed with 4 g of mouse monoclonal anti-O/E antibody (Santa Cruz Biotechnology; C-8) or a nonspecific IgG control (anti-NCAM antibody; Santa Cruz Biotechnology) before conjugation to protein A/G beads (Santa Cruz; sc-2003) . After sequential washes according to instructions (ChIP Assay Kit; Millipore Corporation) and cross-link reversal followed by proteinase K digestion, the precipitated DNA was purified and eluted using PCR purification column (QIAGEN) for the Q-PCR analysis.
For Q-PCR analysis of gene expression, the olfactory tissue was homogenized and RNA was isolated with Trizol (Invitrogen) incubation at room temperature for 5 min. A 0.2 vol of chloroform was added, mixed, and centrifuged at 12,000 ϫ g for 15 min at 4°C. Supernatant was decanted and precipitated with ethanol, and the RNA was purified on RNeasy mini kit (QIAGEN) columns. One microgram of RNA was DNase treated and reverse transcribed into cDNA (Invitrogen) according to the first-strand cDNA synthesis protocol. Real-time PCR was performed using StepOnePlus PCR system (Applied Biosystems). Data are presented as mean Ϯ SEM.
Primers used in this study were as follows: OE-1, forward, 5Ј-CC AACCTTCCTCAATGGCTCAG-3Ј; reverse, 5Ј-TGGCACAATGGCAT AGGGTG-3Ј; OE-3, forward, 5Ј-GGCAATGGGAACGGATTCAG-3Ј; reverse, 5Ј-ATCGGGGGAACAACAAGTCCTGTC-3Ј;GAP43,forward,5Ј-CT GAGGAGGAGAAAGACGCTGTA-3Ј;reverse,5Ј-ATCCTGTCGGGC ACTTTCC-3Ј; OMP, forward, 5Ј-AGCCCGCTGTGACCTTAGG-3Ј; reverse, 5Ј-GATCAAGCCCCGCTGTCAT-3Ј; hFollistatin, forward, 5Ј-TTGCCTCCTGCTGCTGCTGC-3Ј; reverse, 5Ј-CTCCTTGCTCAGTTCG GTCTTG-3Ј; NeuroD1, forward, 5Ј-AACCTTTTAACAACAGGAAGTGGA A-3Ј;reverse,5Ј-CTGAGGCTCGCCCATCAG-3Ј;Ngn1, forward, 5Ј-CAAT ACAATGGCAAGGCTTAAAAA-3Ј; reverse, 5Ј-TCGGGATCCATA ATGCATGA-3Ј; Mash1, forward, 5Ј-TTTGGAAGCAGGATGGCAG CAG-3Ј; reverse, 5Ј-TTTCTGCCTCCCCATTTGA-3Ј; OAZ, forward, 5Ј-GCGATCGGTGAAAGTTGAAGA-3Ј; reverse, 5Ј-TGCTGCCACA GAGGAATCC-3Ј; YFP, forward, 5Ј-AGCAAAGACCCCAACGAG AA-3Ј; reverse, 5Ј-GGCGGCGGTCACGAA-3Ј; GAPDH, forward, 5Ј-AATGGTGAAGGTCGGTGTGAAC-3Ј; reverse, 5Ј-AATGGTGAAG GTCGGTGTGAAC-3Ј; OMP promoter, forward, 5Ј-GCATCTCTGT CTCCACCACTCA-3Ј; reverse, 5Ј-TGTATGTGGACAGATGGCAG AAC-3Ј; OcNC promoter, forward, 5Ј-AGGTGGGCTGCCTGGAA-3Ј; reverse,5Ј-GCTCATGGCCACCTAACCA-3Ј;ACIIIpromoter,forward,5Ј-CA CGTTTTCTTTTCAGCTTGGA-3Ј; reverse, 5Ј-CGGCTCTATCCCTGACTT CCT-3Ј; ␣-actin promoter, forward, 5Ј-GACAGGCGGTCACACGGAC-3Ј; reverse, 5Ј-GTCTCCAGGTCACCCTCCC-3Ј.
Glutathione S-transferase-pull-down assay and Western blot. The glutathione S-transferase (GST)-pull-down assay was performed as described previously (Tsai and Reed, 1997a,b) . GST, GST-RoazD86, and GSTRoazD86⌬C fusion proteins were purified from cell lysates using glutathione Sepharose beads (GE Healthcare). GST fusion protein-bound glutathione-conjugated beads were incubated with 200 g of O/E-1 lysate overnight. Beads were washed six times (500 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate) and two-thirds of the potential complexes were fractionated on a 10% SDS-PAGE gel after sample buffer addition. Western blot analysis was performed using rabbit anti-O/E1 antibody (1:1000). GFP and ␤-actin were visualized from tissue homogenized in sample buffer and centrifuged at 13,000 rpm for 30 min at 4°C. For each sample, 2-mercaptoethanol was added just before loading. Samples were gel fractionated and transferred to nitrocellulose membrane.
Luciferase assay. Each data point of O/E responsive reporter assay represents triplicate transfections from two separate experiments. HEK293 cells were seeded in 12-well plates and transfected with FuGENE 6 (Roche) at 60 -70% confluency. Cells were cotransfected with 100 ng of pGLPX10 O/E reporter along with 25 ng of pRK5-O/E-1 and/or 250 ng of pRK5-GSTRoazD86/⌬C, as appropriate. Transfections were adjusted to 500 ng of total DNA with pRK5 empty expression vector. Luciferase activity was measured 24 h after transfection with Dual-Luciferase Assay Kit (Promega). The relative activity was expressed as values normalized to cotransfection samples with the reporter transfection alone control.
For BMP reporter assays, P19 cells in 12-well plates were transfected with 250 ng of reporter (BREx2-luc; obtained from Dr. P. Ten Dijke, The Netherlands Cancer Institute, Amsterdam, The Netherlands) alone or with 250 ng of full-length OAZ/⌬C cDNAs. The cells were transfected at 60% confluence and cultured for 30 h. Cells were transferred to low serum media (2%), and BMP2 (1 nM; Invitrogen) was added for an additional 18 h. Luciferase activity was measured by the same method as above. The relative luciferase activity is expressed as values normalized to reporter alone transfection in the absence of BMP2 induction. BrdU labeling and cell counting. Mice (P24; same gender) were injected with BrdU (0.5 mg per 10 g body weight, i.p.) and 2 h later killed with an overdose of Xylaket and transcardially perfused with PFA. Tissues were cut (18 m coronal sections) and stained for BrdU, and cell counts were obtained following a published protocol (Cheng and Reed, 2007; Leung et al., 2007) .
Statistics. The data are represented as mean Ϯ SEM. Two-way ANOVA test was used for cell counting in OR-positive cells.
Results
Deletion of the OAZ C terminus abolishes O/E binding but retains BMP activation
The OAZ protein domains mediating distinct interactions with associated partners can in principle be independently modified to investigate specific activities in vitro. Previously, the region responsible for O/E interaction was localized to ZF 28 -30 through yeast two-hybrid assays and coimmunoprecipitation studies on a series of truncation mutants (Tsai and Reed, 1997a) . We therefore introduced a single-nucleotide insertion between ZF 27 and 28 corresponding to amino acid 1208 of the OAZ protein. This mutation creates a termination codon and an altered reading frame for any read-through protein. This truncation, OAZ⌬C, was retested in the previously described biochemical interaction assays. OAZ and OAZ⌬C, expressed as purified GST-fusion partial protein (GST fused before ZF13), were added to O/Econtaining cell lysates and potential complexes isolated on glutathione beads (Fig. 1A ). Western blot analysis using an anti-O/E antibody revealed a strong OAZ-O/E interaction when ZF 28 -30 is present (lane 2) but no detectable OAZ⌬C-O/E association for the truncated mutant (lane 1). As expected, GST protein did not associate with the O/E transcription factor (lane 3). These observations, consistent with those previously reported (Tsai and Reed, 1998) , provide the biochemical framework for examining the importance of OAZ-O/E interactions/functions in vivo.
Homodimers and heterodimers of O/E family members activate mature neuronal gene expression through interacting with their cognate binding sites (Wang and Reed, 1993) . The suppression of O/E dimer formation and elimination of the active transcription factor complexes, a function attributed to OAZ, should result in abolishment of the transcription activation. In contrast, OAZ protein that lacks the O/E interaction domain would be incapable of suppressing O/E-mediated transcription. We measured O/E-dependent transactivation in transient cotransfections with plasmids containing O/E-1, OAZ, or OAZ⌬C. The reporter plasmid consisted of 10 concatamerized O/E binding sites adjacent to a minimal promoter driving luciferase (Fig. 1B) . Significant increase in reporter activity was observed when O/E was present (activation, 6.55 Ϯ 0.11-fold; n ϭ 6; Fig. 1B ). This activation was suppressed in the presence of interacting protein OAZ (activation, 2.39 Ϯ 0.08-fold; n ϭ 6; Fig. 1B ), suggesting that OAZ disrupted the active O/E complexes and prevented their binding to DNA (Tsai and Reed, 1997a) . In contrast, OAZ⌬C failed to suppress O/E-mediated transcriptional activation (activation, 7.42 Ϯ 0.43-fold; n ϭ 6; Fig. 1B, left) . These results indicate that target sequences can be activated by O/E in the presence of OAZ⌬C mutant, but not wild-type OAZ. Introduction of OAZ or OAZ⌬C in the absence of O/E factor had no significant effect on basal activity of the reporter (Fig. 1B, left) .
To demonstrate that OAZ⌬C protein is properly folded and functional, we examined the well characterized BMP signaling activity ascribed to the ZFs that are present in both the OAZ and OAZ⌬C protein (Hata et al., 2000) . Utilizing a BMP response reporter with two BMP response elements and a luciferase reporter (BREx2-luc), we observe significant enhancement of reporter activity for OAZ and OAZ⌬C cotransfected cells over the levels observed with BMP2 induction alone (Fig. 1B, right) . These data suggested that C-terminal OAZ⌬C is properly folded and retains its remaining bioactivities.
Together, these data suggest that elimination of ZF 28 -30 in OAZ selectively disrupts one aspect of normal OAZ activity, namely the suppression of O/E-mediated transcription, but retains its ability to stimulate BMP-responsive promoters. Using this mutant, it should be possible to dissect the importance of the O/E family members in olfactory differentiation in vivo.
Gain of function: constitutive expression of OAZ⌬C throughout OSN differentiation
The demonstration that the C-terminal zinc fingers of OAZ participate in modulation of O/E activity provides an opportunity to selectively investigate this role independent of the other pathways, including BMP signaling, ascribed to OAZ. We therefore generated a mouse line carrying a gain-of-function construct in which the OAZ⌬C mutant protein is persistently expressed in the OSN lineage of olfactory epithelium. To compare and contrast the activities associated with full-length OAZ and OAZ⌬C, this mouse line used the same strategy as the previous O/E3 OAZ mouse (Cheng and Reed, 2007) (Fig. 1C) . The resulting mouse differs in only a single nucleotide (3877_3878insT corresponding to amino acid Q1208Ter). As a result, the OAZ protein is truncated just before ZF 28. In each case, the OAZ sequences are followed by an IRES-driven nuclear YFP (nYFP) reporter and a LoxP-flanked Neo cassette (LNL). The construct was inserted by homologous recombination at the O/E3 locus to direct persistent expression in O/E-expressing cells. In summary, these two mouse lines (O/E3 OAZ and O/E3 OAZ⌬C ) provide an essentially matched gene-targeting setting to explore the specific importance of O/E transcription and its modulation by OAZ.
The expression of genes introduced at the O/E3 locus, including OAZ/nYFP, is dependent on the Cre-mediated removal of the LNL cassette (Fig. 1C ) (Cheng and Reed, 2007) and presumably derives from the Neo cassette blocking a downstream enhancer. Here, we 4 (Figure legend continued. ) (mean Ϯ SEM of independent transfections; n ϭ 6). Right, OAZ and OAZ⌬C significantly activate BMP response reporter upon BMP2 induction. Luciferase reporter with two BMP binding sites adjacent to a minimal promoter (BREX2-luc) was transfected alone or cotransfected with full-length OAZ or OAZ⌬C constructs in the presence or absence of BMP2 induction. Relative luciferase activity was calculated as above with reporter alone without BMP2 induction (mean Ϯ SEM of independent transfections; n ϭ 5 for each condition). C, Schematic targeting map for O/E3 OAZ⌬C mice. The premature nonsense mutation in OAZ⌬C is indicated as an asterisk. The OAZ⌬C minigene, followed by IRES-3NLS-YFP-pA and LNL cassette, was inserted in the 5Ј-UTR of O/E3 and replaced exons 2-6. The arrow indicates the O/E3 transcriptional start site. White box, 5Ј-UTR. confirmed the above mechanism applies to O/E3 OAZ⌬C mice. Specifically, we examined OAZ and OAZ⌬C message expression by ISH (Fig. 1D-F) . Only in "Neo-out" O/E3
OAZ/ϩ or O/E3 OAZ⌬C/ϩ mice were OAZ-containing transcripts readily detected in the epithelium (Fig. 1E,F) . Endogenous OAZ message was barely detectable in "LNL" mice (data not shown) and wt (Fig. 1D) , consistent with previous data (Tsai and Reed, 1997a) . The message abundance was further quantified by Q-PCR analysis of OAZ transcripts (Fig. 1L) , in which the Neo-out mice exhibited a 13-to 19-fold elevation in message compared with either wt or LNL mice. The fact that both wt and OAZ⌬C LNL mice exhibited similar levels in OAZ-containing transcripts indicated that the Neo cassette effectively blocked transcription of the locus in the absence of recombination and only the endogenous message was detected.
The YFP reporter protein was readily detectable and expressed at similar elevated levels compared with LNL or wt mice by immunofluorescence (Fig. 1G-I ) and Western blot analysis (Fig.  1J ) . Likewise, the relative expression quantification revealed a 40-to 60-fold increase in YFP message in Neo-out compared with LNL/wt mice (Fig. 1K ) . Together, these observations provide evidence that the expression of OAZ⌬C and associated YFP reporter can be effectively controlled by Neo cassette excision. These experiments also provide an additional control on the direct effects of OAZ⌬C expression in contrast to other potential consequences of O/E3 locus genetic modifications.
There is a modest reduction in OAZ⌬C message and the associated YFP reporter protein compared with the O/E3 OAZ mice ( Fig.  1E,F; H,I ; J--L), even though these two strains differ by a single nucleotide. This could arise because the two strains of mice have different populations of cells residing in the MOE (Fig. 2) 
for O/E3
OAZ/ϩ and O/E3 OAZ⌬C/ϩ mice; n ϭ 3 for each genotype). Therefore, O/E3 promoter activities were largely the same despite an altered differentiation status in O/E3 OAZ⌬C mice. An alternative possibility is that premature translation of the OAZ open reading frame decreases the efficiency of ribosomes reinitiating at the downstream IRES site and modestly destabilizes the bicistronic message. Nevertheless, despite this modest message reduction, the OAZcontaining and reporter message levels in expressed strains (Neo-out O/E3
OAZ and O/E3 OAZ⌬C mice) showed robust and comparable expression that contrasted with the lower levels in the parental lines (wt and LNL mice).
Normal OSN maturation is observed in constitutively expressed OAZ⌬C mice
The persistent expression of OAZ protein during OSN differentiation prevents neuronal maturation (Cheng and Reed, 2007) , although the specific contribution of O/E interaction could not be assessed in this model. A similar persistent expression of the OAZ⌬C protein can illuminate the importance of O/E transcription in OSN maturation since persistent OAZ⌬C expression would retain most of the full-length protein but specifically lack the ability to perturb O/E dimerization and subsequent transcription.
We examined several neuronal markers at distinct stages to characterize the consequences of OAZ/OAZ⌬C expression by ISH and immunofluorescence. They are mature neuronal markers, OMP and ACIII, and the immature neuronal marker, GAP43. In O/E3 OAZ/ϩ mice, the MOE was largely depleted of OMP ϩ cells (Fig.  2B,E) indicative of neuronal differentiation arrest and the sparse OMP ϩ cells likely represent "escapers" (Cheng and Reed, 2007) . In contrast, the upper two-thirds of the epithelium was composed of OMP ϩ mature OSNs in O/E3 OAZ⌬C/ϩ mice similar to wt littermates ( Fig. 2A,C,D,F) . Likewise, ACIII, a mature neuronal signal component, showed discontinuous weak signal in the cilia layer of O/E3 OAZ/ϩ mice, while a continuous, uniform, intense layer was present in O/E3 OAZ⌬C/ϩ and wt mice ( Fig. 2G-I ). These phenotypes provide the strong evidence that O/E activity is critical to the maturation of OSNs. The expression pattern of GAP43, an immature neuronal marker, provides additional, complementary evidence for the importance of the O/E transcription pathway. The accumulated GAP43 ϩ cells in the MOE of O/E3 OAZ/ϩ mice was reversed in O/E3 OAZ⌬C/ϩ mice, in which GAP43 ϩ cells were restricted to the basal MOE compartment and resembled the pattern in wt mice (Fig.  2J,L,M,O) . Quantitative measurement of OMP and GAP43 mRNA further supported these observations. In O/E3 OAZ⌬C/ϩ mice, OMP mRNA levels were similar to wt and were dramatically reduced (fivefold) in O/E3 OAZ/ϩ mice ( Fig. 2S ; n ϭ 3 for each genotype). The GAP43 mRNA level was comparable in O/E3 OAZ⌬C/ϩ mice and wt mice and contrasted with fourfold elevation detected in O/E3 OAZ/ϩ animals ( Fig. 2T ; n ϭ 3 for each genotype). In parallel, we examined whether maintained OAZ/OAZ⌬C expression alters proliferation of progenitors that renew the OSNs. BrdU ϩ cell number were similar in O/E3 OAZ⌬C/ϩ and wt mice, but were decreased in O/E3
OAZ/ϩ mice (Fig. 2U) . The proliferation observed in O/E3 OAZ⌬C/ϩ mice presumably reflects normal neuronal differentiation and maturation and suggests that the decreased level observed in the O/E3 OAZ/ϩ mice is a consequence of changes in the mature population rather than hyperproliferation mediated directly by other functions of the OAZ protein.
The biochemical characterization of partially purified OAZ/ OAZ⌬C and O/E protein interaction (Fig. 1A) and expression studies (Fig. 1B) suggests that the different phenotypes observed in the OAZ and OAZ⌬C mice derive their effects on O/E protein function. In the OAZ mouse, the full-length protein can suppress functional O/E dimer binding to target genes in OSNs and their precursors, while in OAZ⌬C mice the OAZ⌬C protein does not interfere with O/E-mediated DNA binding and transcription activation. To directly examine O/E binding to target gene sequences in vivo, we performed ChIP with an O/E antibody (Fig. 2V) . In wild-type tissue, sequences in proximity to the O/E binding sites in the OcNC, OMP, and ACIII promoters were enriched 3.5-to 8-fold over that observed for a non-O/E-regulated promoter (␣-actin) when precipitated with the monoclonal O/E antibody. A nonspecific monoclonal IgG (NCAM) was used as a normalization control. The relative enrichment for each promoter region was markedly reduced in an O/E3-OAZ knock-in tissue, consistent with a reduction in the ability to the O/E protein to bind these targets in the presence of persistent OAZ protein. Finally, the relative enrichment of O/E target gene sequences in OAZ⌬C tissue were similar to wt as would be predicted if the OAZ⌬C protein was unable to disrupt O/E function.
In summary, the ability of OAZ⌬C to execute the normal neuronal differentiation program contrasts with the phenotypes of O/E3 OAZ/ϩ mice and specifically implicates O/E transcription activity in OSN maturation.
The O/E-mediated transcription pathway defines the phenotype in O/E3
OAZ⌬C mice The induction of OAZ expression in mature OSNs is sufficient to reactivate expression of immature neuronal markers (Cheng and Reed, 2007) . The reactivated immature cells could arise from arrested O/E function, or from the contributions of OAZ protein to other pathways including BMP signaling. The modified OAZ⌬C permits normal O/E function while simultaneously contributing to additional OAZ-mediated pathways retained in the mature cells. We crossed O/E3
OAZ⌬C-LNL/ϩ and O/E3 OAZ-LNL/ϩ mice with OMP Cre/Cre mice to excise the Neo cassette specifically in mature OSNs and activate expression of the introduced OAZ alleles (Fig. 3J-L) . Both ISH and immunohistochemistry revealed that introduction of wt OAZ produced ectopic GAP43 ϩ immature cells and reduced OMP ϩ cells in the apical MOE (Fig. 3B,E,H) . These data contrasted with OAZ⌬C mice that exhibited abundant OMP ϩ cells and no immature neurons in the apical MOE (Fig. 3C,F,I ) similar to OMP Cre/ϩ littermates in which neurons mature normally (Fig. 3A,D,G) . These results suggest that the activity of O/E factors, rather than BMP or other signaling pathways, dominate and define the mature fate when OAZ⌬C is introduced OSNs. BMP signals could, however, contribute to cell phenotype but are unable to overcome the dominant differentiation drive mediated by O/E factors.
Minor defects in axonal projection and OR expression patterns in O/E3
OAZ⌬C mice We next determined whether glomeruli targeting in olfactory bulb (OB) and OR choice or expression were altered in O/E3 OAZ⌬C mice. Three homozygous reporter mouse lines-OMP Tau-LacZ/Tau-LacZ , M72
Tau-LacZ/Tau-LacZ , and P2 Tau-LacZ/Tau-LacZ were crossed with O/E3 OAZ⌬C/ϩ mice for this examination. We detected no difference in axonal targeting, visualized in OMP Tau-LacZ/ϩ ;O/E3 OAZ⌬C/ϩ mice (Fig. 4A,B) . Coronal sections confirmed the largely normal OB glomerular layer and OMP ϩ cells in MOE. This observation contrasted with O/E3 OAZ mice, in which dorsal OBs were devoid of axons and few OMP ϩ neurons were present in the MOE (Cheng and Reed, 2007) . To further analyze the axonal projection and OR choice, M72 (dorsal-projecting) and P2 (ventral-projecting) were examined. In dorsal views of M72 Tau-LacZ/ϩ ;O/E3 OAZ⌬C/ϩ mice, axons follow a similar route but some innervate aberrant extra glomeruli ( Fig.  4C-F; n ϭ 7) . The precision of axonal projection in P2
Tau-LacZ/ϩ ;O/ E3 OAZ⌬C/ϩ reporter mice was more difficult to assess since they con-verge into glomeruli shortly after crossing the cribiform plate, but they appeared largely normal ( Fig. 4G,H ; n ϭ 7). The number of OSNs expressing each reporter appeared reduced in whole-mount preparations of O/E3 OAZ⌬C mice ( Fig. 4E-H ; n ϭ 7) and upon quantification in tissue sections was reduced by one-half ( Fig. 4I,J ; n ϭ 3 pairs for each reporters). Although the OSNs were somewhat fewer in number, the signal intensity and morphology of the labeled neurons were normal (Fig. 4G,H, inset) , consistent with normal terminal differentiation. The reporter-labeled OSNs in O/E3 OAZ mice background exhibited a severe targeting defect in the OB and scattered cells in the MOE with weak staining, short dendrites, and no obvious axon extensions, suggesting they were all arrested in premature stage (Cheng and Reed, 2007) .
Contribution of BMP signals in adult MOE
BMP signaling, the other activity associated with OAZ protein, is a negative regulator for neurogenesis in MOE. Among the BMP ligands, BMP4 was expressed the most abundantly and was documented as an important inhibitor of neurogenesis (Shou et al., 1999) . We examined the expression status of BMP2, 4, 6 in adult MOE by ISH. BMP4 mRNA was detected throughout the epithelium and somewhat more abundant in the basal layer (Fig. 5B) . BMP6 was present at low levels, while BMP2 was undetectable (Fig.  5A,C) . These observations indicate that BMPs are expressed in adult MOE and could participate in OSN differentiation and maturation.
To examine the collective contributions of BMP signaling in the adult MOE, we expressed human Follistatin (hFST), a BMP receptor antagonist that has potent cross-species activity, broadly and at high levels within the MOE and investigated alterations in gene transcription and cellular differentiation. hFST (Kistner et al., 1996) was expressed in sustentacular cells as a doxycycline-inducible system under the control of the cell-specific cyp2g1-rtTA (Lane et al., 2010) and TRE-hFST. After one month of doxycycline induction, hFST increased 700-fold in wt and OAZ⌬C genetic background compared with control mice lacking one or both of the expression constructs (n ϭ 3 for each genotype) (Fig. 5D ) and transcription and protein expression was readily detectable by ISH and immunofluorescence ( Fig. 5E-L ). An overall uniform and patchy apical localization was readily detected throughout the MOE in induced mice (Fig. 5F ,H,J,L) but was absent in uninduced animals (Fig. 5E ,G,I,K).
We next determined whether antagonizing BMP signals leads to changes in expression of immature/mature markers. Stem cells initiate the neuronal lineage that is Mash1 dependent and proceeds through Ngn1 and NeuroD1-expressing transient amplifying progenitors (Gordon et al., 1995; Cau et al., 1997; Packard et al., 2011) . Although we observed the expected alterations in expression associated with persistent OAZ or OAZ⌬C expression, no reproducible changes associated with robust maintained FST are detected (Fig. 5M ). This conclusion is also supported by immunofluorescence for GAP43 (Fig. 5I-L) . Finally, we investigated the expression level of the stage-representative neuronal markers, Mash1, Ngn1, and NeuroD1. By Q-PCR, high levels of FST produced no significant differences in expression between the induced and uninduced groups, or in OAZ⌬C-containing and wt mice (Fig.  5N) . Based on these experiments, BMP signals appear to contribute little, if at all, to the dynamics of cell differentiation and gene expression in normal adult MOE.
Discussion
The importance of O/E transcription factors in olfactory differentiation and maintenance Temporal expression of transcriptional factors promotes OSN differentiation and maturation. O/E transcription factors participate at critical developmental stages in multiple cell lineages (Lin and Grosschedl, 1995; Wang et al., 1997; Corradi et al., 2003; Hesslein et al., 2009; Jin et al., 2010) . The embryonic and neonatal lethality associated with functional knock-out of some O/E genes and the considerable redundancy of expression in other tissues complicated analysis of O/E function (Garel et al., 1999; Wang et al., 2004) . This is especially problematic in olfactory tissue where all four genes are expressed in a similar pattern . Although lethality could potentially be overcome by conditional knock-outs using tissue-or cell-specific promoters, elimination of all four family members is impractical. The persistent expression of the OAZ pro- tein that, as one of its activities, disrupted O/E activity (Cheng and Reed, 2007) Introduction of OAZ/⌬C later in differentiation suggests that O/E function is important to maintain the mature state, not just initiate the differentiation program. The reactivation of GAP43 ϩ cells when OAZ is introduced in mature populations indicates that OAZ, but not OAZ⌬C, is sufficient to abolish O/E transcriptional target expression. In contrast, the presence of normal OMP ϩ cells after introduction of OAZ⌬C to mature cells suggests that its retained activities are insufficient to revert OSNs to an immature state and infer an important role for O/E proteins in actively maintaining the mature phenotype. Furthermore, OAZ⌬C, but not OAZ, potentially allows both O/E and BMP pathways to participate through the OSN differentiation process. Our observations suggest that, in OSNs, O/E activation plays a dominant role compared with other processes, like BMP signaling, that might be expected to exert an opposing effect in development (Shou et al., 2000; .
Long-term interference with BMP signaling has little impact on adult OSN neurogenesis BMP signaling plays a well described role during development in several neuronal systems. In the olfactory epithelium, analysis of FST and GDF11 knock-outs suggested a modulatory role for this pathway that was further characterized in vitro (Shou et al., 2000; . FST regulate propor- tions of cell lineages by targeting stem/progenitor cells and immediate neuronal precursors through GDF11 and Activin at embryonic stage . Despite robust FST induction in adult MOE, we did not observe significant perturbations in neuronal lineage populations or in cell type-specific gene expression. The ability of susentacular cells to secrete other extracellular proteins in a genetic system similar to the one described here (Lane et al., 2010) and the robust developmental response in mice carrying the same hFST gene (Lee, 2007) , suggests that the hFST is secreted as a biologically active and functional protein. Our studies initiated FST induction in normal intact MOE at a time when initial establishment of the epithelium was largely complete. Our data indicate antagonizing BMP alone is not sufficient to alter neurogenesis after the MOE is established. Alternatively, chronic interfering BMP signals achieves a dynamic balance that maintains a relative constant proportion in each cell population (Lander et al., 2009 ).
BMP signaling is one of the key cues in olfactory placode specification and MOE patterning at early developmental stages (Sjödal et al. Maier et al., 2010) . However, the effects of interfering with BMP signaling during neuronal regeneration after injury or during embryonic development remains largely unexplored. In our studies, the postnatal expression of cyp2g1 gene used to direct FST expression (Zhuo et al., 2001 ) precludes an analysis of the consequences of early induction of FST in the MOE. However, this system should be amenable to future studies in which the adult epithelium is damaged and allowed to regenerate.
O/E function and OR gene choice
In addition to regulating cell differentiation, O/E proteins also likely participate in OR selection (Mombaerts, 2004; Vassalli et al., 2011) . The molecular mechanisms regulating OR gene choice are complicated and remain elusive. The mechanisms include feedback inhibition signal and alterations in epigenetic signatures (Serizawa et al., 2003; Lewcock and Reed, 2004; Magklara et al., 2011) . OR selection occurs at a specific time window that is developmentally regulated. The accumulated aberrant OR ϩ cells in O/E3 OAZ mice were arrested in the immature stage as a consequence of suppressing O/E activity. As a result, multiple or preferentially expressed ORs may persist in the same OSN, thus perturbing the final OR choice. In contrast, the relatively normal selection of the P2 and M72 ORs in O/E3 OAZ⌬C mice reflects successful execution of the choice process in terminally differentiated OSNs. The O/E proteins have putative binding sites in OR promoters and may directly participate in OR selection; they may alternatively or additionally define the differentiation state at which OR choice occurs.
